We have performed a genome scan using 25 nuclear families consisting of right-handed parents with at least two left-handed children. Handedness was assessed as a qualitative trait using a laterality quotient. Laterality quotients indicate the direction of handedness, which is hand preference for performing unimanual tasks. Both parametric and nonparametric linkage analyses were applied. The parametric analysis using the single-locus genetic model of Klar resulted in four different regions with LOD scores higher than 1. The region on chromosome 10q26 gave a suggestive LOD score of 2.02 at a recombination fraction of 0.05. Nonparametric analysis gave an NPL score for this region of 2.16. However, further fine mapping of the region on chromosome 10q26 failed to obtain a higher LOD score. These results suggest that handedness is a human quantitative trait locus and that the proposed non-Mendelian monogenic models are incorrect.
Introduction
Left-handedness has a frequency of around 10% in the general population with a slightly higher frequency in the male population compared to the female population. 1 The incidence of left-handedness decreases strikingly in the elderly to less than 5% above the age of 70. 1 Both reduced survival fitness and the presence of social pressures against left-handedness in the beginning of the 20th century have been invoked to explain the declining incidence. 2 Lefthandedness is highly correlated with cerebral asymmetry. Right cerebral dominance occurs in 4% of right-handed individuals compared to 27% of left-handed individuals. 3 The genetics of left-handedness is a highly debated issue and both environmental and genetic models have been proposed. However, twin, family and adoption studies support a genetic background to human handedness. 4 -7 Several proposed genetic models 8 -10 incorporate the biological feature of fluctuating asymmetry, which indicates that handedness is determined by chance due to the accumulation of stochastic events during embryonic development. 9 Klar proposed a single-gene model in which a bi-allelic gene, RGHT, with alleles R and r determine handedness. Individuals who have the genotypes R/R and R/r will be right-handed, while the genotype r/r results in fluctuating asymmetry and thus 50% right-handedness and 50% left-handedness. 10 Klar proposed gene frequencies of 58 and 42% for alleles R and r, respectively. Other genetic models have been proposed, such as the Right Shift model 8 and the model by McManus. 9 However, the exact genetic model of human handedness remains to be elucidated. Recently, family data on more than 2000 families suggested a X-linked inheritance.
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The different genetic models of Klar, Annett and McManus match some epidemiological data. 6,8 -10,12 For linkage analysis, the model of Klar is the more reductionist model compared to the Right Shift model, which invoked different thresholds for different subpopulations. 8 The model of McManus is less reductionist due to the incorporation of a modifier locus on the X-chromosome. 6 Nuclear families consisting of right-handed parents with at least two left-handed children are the most informative pedigree structure in linkage studies using the model of Klar as it maximises the proportion of parents that are heterozygous R/r at the locus level. 13 Consequently, and analogous to standard autosomal recessive disorders, the heterozygosity of the right-handed parents and the homozygosity of the left-handed children at the locus level will result in informative meioses and more power in linkage calculations. 13 Power analysis showed that the nuclear families were only powerful for the model of Klar and not for the model of McManus.
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Candidate gene analysis of genes involved in left -right asymmetry using these families resulted in the exclusion of every candidate gene tested.
14 This study expands on our candidate gene analysis by performing a 10 cM genome scan in order to map a locus for human handedness. Using the single-locus model of Klar, simulation studies indicated that 25 families would be sufficient to map a locus for human handedness.
Materials and methods
Sample collection and DNA extraction The study was approved by the human research ethics committee of the Women and Children's Hospital, Melbourne, Australia. Families were recruited through a call for families in the Australian media, which included an article in a local newspaper. All families are from Caucasian origin and living in Australia. Samples were collected of 25 families consisting of at least two left-handed children from right-handed parents. A total of 127 individuals were used in the genome scan, of which 72 (56.7%) individuals were right-handed and 55 (43.3%) individuals were lefthanded.
Mouthwashes were used as the primary source of DNA. 15 The DNA was extracted as published previously. 13 
Phenotype analysis
Handedness was assessed through self-reporting using the Edinburgh Inventory questionnaire. 16 Laterality quotient (LQ) scores were calculated by subtracting the number of tasks performed with the left hand from the number of tasks performed with the right hand. This number is then divided by the total number of tasks performed and multiplied by 100. The LQ scores have a distribution from À100 (complete left-handedness) to þ 100 (complete righthandedness). Families were only included in the genome scan analysis if LQ scores of 450 and oÀ40 were obtained for right-handed and left-handed individuals, respectively, and if their handedness for writing corresponded to the overall LQ score.
Microsatellite analysis
The genome-wide scan and genetic fine mapping were performed at the VIB Genetic Service Facility (http:// www.vibgeneticservicefacility.be/). Microsatellites were used from the ABI PRISM Linkage Mapping set MD-10 (Applied Biosystems, Foster City, USA). Multiplex PCRs were performed using the protocol from the Centre National de Génotypage (www.cng.fr). PCRs were performed with a True Allele Premix (Perkin-Elmer, Foster City, USA) containing MgCl 2 , AmpliTaq Gold, buffer and dNTPs on a Perkin-Elmer 9700 PCR engine. PCR conditions were provided by Perkin-Elmer and consisted of an initial denaturation step of 12 min at 941C followed by 10 cycles consisting of a denaturation step 15 s at 941C, a 15 s annealing step at 551C and an extension step at 721C for 30 s. These cycles were followed by 20 cycles with the same conditions except the denaturation step at 891C and a final extension step at 721C for 10 min. The PCR products were pooled together into 28 panels and were separated on a Perkin-Elmer 3700. Microsatellite analysis was performed using the program Genotyper (ABI Prism Perkin Elmer, Foster City, USA).
Linkage analysis
Parametric linkage calculations were performed using the programmes of the LINKAGE package. 17 Simulation analysis was performed with the programmes SLINK 18 and SIMULATE, 19 while linkage calculations were performed with the programme MLINK of the LINKAGE package. 17 Linkage calculations were performed with equal allele frequencies. The model of Klar was coded as autosomal recessive with 50% penetrance, to reflect the fluctuating asymmetry component of the model, with gene frequencies of 58 and 42% for alleles R and r, respectively. Nonparametric analysis was performed using the program GENEHUNTER. 20 Simulation analysis with the programme SLINK was performed using 200 replications, while 1000 replications were used in the calculations with the programme SIMULATE. To test the results of the genome scan, calculations were performed using 5000 replications.
Results

Phenotype analysis
Handedness was assessed using the Edinburgh Inventory 16 by calculating LQ scores, which indicate the direction of handedness (the hand subjects prefer to perform uni-manual tasks). In our sample cohort, the direction of handedness has a bimodal distribution, in which the majority of right-handed individuals have an LQ score of 100 and the majority of left-handed samples have an LQ score of À70 (see Figure 1) . These results replicate previous results. 16 A range of LQ scores can be observed for both lefthanded and right-handed individuals, with the left-handed individuals showing a greater range in LQ scores. This range in scores suggests that handedness is not a discrete variable. However, due to the bimodal distribution, handedness was treated as a qualitative phenotype.
Linkage analysis
Simulation studies Parametric simulation analysis was performed to test the power of the collected sample cohort. Klar's model was coded for linkage analysis calculations as an autosomal recessive model with a reduced penetrance of 50% (see Materials and methods). To simulate a genome scan with an average marker heterozygosity of 75%, simulation analysis using the model of Klar with 20 and 25 nuclear families was performed using allele frequencies of a marker with 70% heterozygosity. Using 25 families, a maximum LOD score of 7.4 was obtained with an average LOD score of 3.2. At a recombination fraction of 0.1, an average maximum LOD score of 2.76 was obtained. With 200 replications, 57.5% of the replications reached a value higher than 3. Simulation analysis under the null hypothesis was performed with equal allele frequencies and 1000 replications. SIMULATE calculations with 20 nuclear families show that a maximum LOD score of 2.8 can be obtained by chance. An average maximum LOD score of 0.11 was obtained and 3% of the replicates reached a value higher than 2 indicating that an observed LOD score of 2 has a pointwise P-value of less than 0.05.
Genome scan analysis
Linkage analysis using Klar's model indicated the presence of four different regions in the genome that gave nonsignificant positive LOD scores with values higher than 1. Two of these regions are located on chromosome 10 ( Table 1 ). The first region is at position 10p12.33, where marker D10S197 resulted in an LOD score of 1.36 at a recombination fraction (y) of 0.1. The second region is at 10q26 around marker D10S587 which gave an LOD score of 2.02 at y ¼ 0.05. In contrast to the region at 10p12.33, two flanking markers reached LOD values higher than 1 making the region at 10q26, a better candidate for harbouring a locus for human handedness. Nonparametric analysis using the programme GENEHUNTER resulted in an NPL score of 2.16 for marker D10S587 with a pointwise P-value of 0.02.
The third and fourth regions are located on chromosomes 12 and 14, where D12S1659 and D14S276 gave a two-point LOD score of 1.86 and 1.26, respectively (Table 2 ). Nonparametric analysis of D12S1659 and D14S276 gave NPL scores of 1.82 (P-value ¼ 0.04) and 1.67 (P-value ¼ 0.05). However, two-point linkage analysis of the flanking markers in the 10 cM scan resulted in significant negative LOD scores in both the regions. In addition, the highest LOD scores were obtained at zero recombination fraction, which excludes the possibility of obtaining a more significant LOD score by analysing flanking markers.
The highest NPL scores were obtained for the regions discussed above and no other significant data were obtained using the programme GENEHUNTER.
Given the promising results of the region on chromosome 10q26, initial fine mapping was performed with three additional markers. D10S1483 is located 5 cM proximal to D10S587, between D10S587 and D10S1693, and has a maximum heterozygosity of 0.83. Markers D10S1656 and Genome scan analyses for human handedness T Van Agtmael et al D10S575 are located 2 and 7 cM, respectively, distal to D10S587 and have a maximum heterozygosity of 0.75 and 0.63, respectively. However, all three markers resulted in negative LOD scores at zero recombination fraction (Table 3) . Maximum positive LOD scores of 0.92 at y ¼ 0.1 and 0.31 at y ¼ 0.2 were obtained for markers D10S1483 and D10S1656, respectively.
Discussion
The genetics of human handedness is a highly debated topic and several models have been proposed to explain the complex epidemiology of left-handedness. Despite this, several genetic models propose that left-handedness is a monogenic trait with a non-Mendelian inheritance pattern and to our knowledge no genetic model has proposed that left-handedness is a true QTL. Consequently, we adopted a standard two-point parametric linkage analysis approach. Klar proposed a single-gene model that could explain and predict epidemiological data. 10 Klar's model is the most reductionist model to our knowledge and hence can be readily used in linkage analysis studies. It may be argued that the model of Klar, which was used in this project, is incorrect or incomplete, which may give spurious results. However, it has been suggested that twopoint analysis with a simple genetic model with reduced penetrance has the power to detect linkage for a trait with a complex mode of inheritance. 21 The reduced penetrance makes the model robust enough to detect linkage and it mimics the effect of multiple loci. 21 In addition, the high gene frequency specified in the model of Klar makes the model more robust as it allows for the parents passing on either haplotype if they are homozygous for the trait locus. 22 It can therefore be concluded that although the model of Klar might not be correct, the characteristics of the model allow for it to be used in linkage calculations. Four different regions with LOD scores higher than 1 have been identified. Chromosome 10q26 showed the most promise as a two-point LOD value of 2.02 was obtained, multiple markers reached positive LOD values and non-parametric analysis resulted in an NPL value of 2.16 (P-value of 0.02). The obtained value is close to the value of 2.2, which represents a suggestive LOD score that may represent weak but real linkage. 23 In addition, the highest LOD value was obtained at a recombination fraction of 0.05, which indicates that upon further fine mapping a higher LOD value might be obtained. However, two-point analysis with markers situated at 5 cM from D10S587 resulted in lower LOD scores. These results can be explained by two possibilities. The lower LOD scores obtained with the fine mapping might indicate a type I error (a false-positive result). However, it is also possible that only very weak linkage exists between a locus in the vicinity of D10S587, rather than 5 cM away, and left-handedness in a subset of the analysed families. If the linkage only exists in a subset of the sample cohort, one would expect lower additive LOD scores due to the effect of the non-linked families. However, a much larger sample cohort will then be necessary to obtain sufficient power to identify loci for left-handedness.
Multipoint analysis is used routinely to increase the amount of power and LOD scores. However, using multipoint analysis when the exact genetic model is not known is problematic as this may give false-negative results due to the inflation of the recombination rate by the incorrect attribution of segregation of a disease allele. 22 As two-point analysis is much more robust for misspecification than multipoint analysis, multipoint analysis was not employed. Several reports have considered the involvement of the X-chromosome in determining handedness. 24, 25 Association analysis between allele sharing of markers on the X-chromosome and a reduction of hand skill variance in left-handed brothers resulted in an LOD score of 2.8 for marker DXS990. 25 In this genome scan, no positive LOD scores were obtained for DXS990, thereby providing no evidence for the presence of a locus on the X-chromosome. QTL analysis using relative hand skill as the phenotype has The markers of the genome scan are given in bold.
identified a putative QTL on chromosome 2p11.2 between markers D2S2333 and D2S2216. 26 Very recently this QTL was confirmed 27 in a subset of left-handed male brothers from a previously collected sample cohort. 25 However, we found no evidence of this QTL in this genome scan. Given the amount of power present in our sample cohort, the characteristics of Klar's model, the NPL results and the robustness of two-point analysis against model misspecification, we can assume that if the monogenic models were correct, it would have been possible to detect this single locus. Hence, the genetic background of lefthandedness enables us to conclude that left-handedness is a true complex trait that is determined by the interaction of several different interacting loci. Further independent analysis using large sample cohorts is necessary to confirm the results of this study and to identify novel loci for human handedness.
